Solar water treatment is an innovative technology in wastewater treatment. Photocatalytically generated oxidizing species can decompose organic compounds present in water or air streams into carbon dioxide, water, and mineral salts. In the following we will report the results of an investigation concerning the development of active catalytic coatings made of titanium dioxide fixed onto concrete substrates. Highperformance concrete has been chosen as substrate and was compared to standard coatings on glass. Further, different fixation methods like spray coating, rolling, and painting were tested. In order to compare the catalytic film activities the degradation of a model pollutant (dichloroacetic acid) was tested on a thin-film fixed-bed reactor. The reactor was equipped with an automated back titration apparatus, keeping the solution pH constant and compensating for solvent evaporation.
Introduction
Many toxic pollutants are extremely persistent and withstand conventional water treatment technologies. Such substances are only removable by using physical processes like precipitation, reverse osmosis or adsorption on activated carbon [1] . Accumulated sludges and concentrates have to be disposed subsequently. Residuum free methods include chemical water oxidation and other oxidation procedures, i.e., the so-called advanced oxidation processes (AOP). Thereby, highly reactive species are formed which are able to decompose highly toxic substances into carbon dioxide, water and mineral salts [2] . The same principle is used in photocatalysis. Here, atmospheric oxygen is used as a replacement for cost-intensive oxidants together with an appropriate catalyst and the UV-A portion of the solar spectrum. Advantageously, a fixation of the photocatalyst on an applicative substrate should be used without any loss of photocatalytic activity. In the following remarks some results achieved by using a coated thin-film fixed-bed reactor made of high-performance concrete and different fixing methods for the photocatalyst will be summarized.
Basics

Principles of photocatalysis
Photocatalysis is a rapidly developing field in environmental engineering. A heterogeneous photocatalytic system consists of semiconductor particles (photocatalysts) which are in close contact to a liquid or gaseous reaction medium. Exposing the catalyst to light excited states are generated which are able to initiate subsequent processes like redox reactions and molecule transformations. In Fig. 1 a simplified reaction scheme of photocatalysis is shown. Due to their electronic structure, which is characterized by a filled valence band (VB) and an empty conduction band (CB), semiconductors can act as sensitizers for light-induced redox processes. The energy difference between the lowest energy level of the CB and the highest energy level of the VB is the so-called band gap energy E g . It corresponds to the minimum energy of light required to make the material electrically conductive. In electrically conducting materials, i.e. metals, these produced charge-carriers immediately recombine. In semiconductors a portion of these photo excited electron-hole pairs diffuse to the surface of the catalyst particle. At the surface the electron-hole pairs are trapped and are able to take part in chemical reactions with adsorbed donor (D) or acceptor (A) molecules. The holes can oxidize donor molecules (1), whereas the conduction band electrons can reduce appropriate electron acceptors (2) .
A characteristic feature of semiconducting metal oxides or sulfides is the strong oxidation power of their holes h + . They can react in a one-electron oxidation step with water (3) to produce highly reactive hydroxyl radicals (•OH). Both, the holes and the hydroxyl radicals are very powerful oxidants, which are able to oxidize most organic contaminants.
In general, molecular oxygen present in air will act as electron acceptor forming the superoxide radical ion O 2 • − (4) or the peroxy radical (5).
O 2 • − and •OOH are also highly reactive species able to degrade organic substances in consecutive reactions.
Titanium dioxide as photocatalyst
Titania is one of the most fundamental materials in our daily life. It iswidely applied as white pigment in paints, cosmetics and foodstuffs. TiO 2 exists in three crystalline modifications (rutile, anatase, brookite) with rutile being the thermodynamically most stable form. A specific feature of TiO 2 consists of its photoactivity and has been known for about 60 years and investigated intensively. For a long time this photoactivity presented a considerable problem, especially concerning its application as pigment. Under the influence of light the material tends to decompose organic compounds present in paints. This effect leads to the well-known phenomenon of "paint chalking". As the result of these photocatalytic processes the organic components (binders) of the paint are decomposed.
Compared with rutile and brookite anatase exhibits the highest photoactivity. Therefore, the TiO 2 used in industrial products is almost exclusively from rutile type.
In 1972, Fujishima and Honda discovered the photocatalytic splitting of water employing TiO 2 electrodes [3] . This event marked the beginning of a new era in heterogeneous photocatalysis. Although TiO 2 absorbs only about 5 % of the solar light reaching the surface of the earth, it is the best investigated semiconductor in the field of chemical conversion and storage of solar energy. In last years semiconductor photocatalysis using TiO 2 has been applied increasingly for applications of waste water treatment and pollution control. TiO 2 is a semiconductor with a band gap energy of E g = 3,2 eV. When the material is irradiated with photons with an energy > 3,2 eV (wavelength λ < 388 nm), an electron is promoted from the valence to the conduction band. Consequently, the primary process is the charge-carrier generation (6).
The ability of a semiconductor to undergo photo induced electron transfer to adsorbed species is governed by the band energy positions of the semiconductor and the redox potentials of the adsorbates. The relevant potential level of the acceptor species is thermodynamically required to be below the conduction band of the semiconductor. On the other hand, the potential level of the donor is required to be above the valence band position in order to donate an electron to the hole. The relative positions of the standard potentials of ecologically interesting redox pairs and energies of the valence and conduction band of TiO 2 (anatase) are shown in Fig. 2 .
The heterogeneous photocatalytic oxidation with TiO 2 meets the following requirements that could make it competitive with respect to other processes of oxidizing contaminants:
• A low-cost material is used as photocatalyst.
• The reaction is quite fast at mild operating conditions (room temperature, atmospheric pressure).
• A wide spectrum of organic contaminants can be converted to water and CO 2 .
• No chemical reactants must be added and no side reactions are observed. Especially owing to the low costs of TiO 2 and the low-temperature oxidation conditions, these photochemical processes are potentially attractive economic alternatives to the traditional waste treatment and pollution control methods.
Reactors for solar photocatalysis
For photocatalytic water treatment and processing different reactor systems have been proposed. They differ in the kind of light entry, the supply of catalyst and the process control.
A so-called parabolic through reactor (PTR) is one of the so-called suspension reactors. Here the catalyst is available in a suspension which is pumped through an UV-light transparent tube.
Parabolic mirror modules focus the direct sun light on the tube which is placed in the caustic line. These modules need to be tracked following the sun as they are only utilizable for direct solar radiation and not for diffuse light. Furthermore, by focussing the light the efficiency of photocatalysis is often decreased [2, 4, 5] .
The so-called double skin sheet reactor (DSSR) is a non light concentrating suspension rector. An aerated suspension consisting of the catalyst and the cleanable waste water flows in a meandering fashion through the double skin sheet where it is exposed to direct and diffuse solar radiation. This reactor does not require such a complex construction, as, e.g., a PTR [6] .
It is a common feature of all suspension reactors that the catalyst and the purified water have to be separated after the treatment, e.g., by using a sedimenter. This step is not necessary if the catalyst is fixed onto a substrate.
The so-called thin film fixed bed reactor (TFFBR) realizes this principle. The catalyst is fixed in a stable manner onto a plate made of the substrate, e.g., glass. The water which is to be purified overflows the catalyst in a thin layer and is exposed to solar radiation. An advantage of this reactor is that the cleaned water does not have to be separated from the catalyst and that direct as well as diffuse radiation is usable. A gassing is not necessary as from the ambient air sufficient oxygen will be transported into the water layer [2, 5] . Fig. 3 shows a schematic illustration of a thin film fixed bed reactor. 
Investigations
Within the present research project the application of high-performance concrete as a substrate was tested. Altogether, two types of photocatalysts (P 25, Degussa and Hombikat UV 100, Sachtleben) were investigated by using only the spray coating technology which had been shown to be a suitable substrate during preliminary tests.
To prevent the penetration of the model pollutant (dichloroacetic acid) into the cement matrix (corrosion processes) the use of an intermediate layer is helpful. For this Levasil 200 (Bayer) was applied to one series of test specimens. Additionally, a silicate paint was used as carrier substance.
The thin film fixed bed reactor (TFFBR) used in this study consisted of TiO 2 coated HPC plates which were overflowed by the waste water to be purified. The volume flow was chosen to be 24 l/h constantly. Two solar simulator lamps were used to illuminate the TFFBR. The whole apparatus (plates incl. lamps) had an inclination of 20° insuring that the light impinged almost perpendicular onto the inclined catalyst plates.
Results
Based on the experimental study it can be summarized that by using an intermediate layer consisting of Levasil 200 or silicate paint between the support and the TiO 2 stabile and highly active concrete surfaces are achievable. The effectiveness of the photocatalyst is apparently not negatively influenced by any reaction between concrete and coating. The reactivity was increased whenever the concrete surface was still wet during the coating process. This is explained by the formation of particularly dense and solid coating layers. It can be stated that concrete is usable as substrate for waste water treatment provided that it is cured in a sufficient manner. This curing leads to an effectual dense surface without any cracks. So any aggressive medium can not penetrate through such cracks resulting in the decomposition of the matrix. Additionally, the concrete surfaces should be roughed up because the roughness increases the stability of the coating and therefore the activity. Further investigations should consider the reaction products forming between coating and concrete surface which probably produce a deactivation of the coating.
